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Supplemental methods 

EBV-encoded small RNA in situ hybridization  

EBV-encoded small RNA (EBER) in situ hybridization was performed as described1 to 

determine the EBV status of the primary cHLs where slides were available.  All results 

were reviewed by hematopathologists D.W and J.R.F.   

 

Flow cytometry cell sorting 

The HRS cell population was identified as described: 1) intermediate to bright expression 

of CD30, bright CD40 and CD95; 2) intermediate to bright CD15; and 3) lack of CD20, 

CD64 and CD52,3 (supplemental Figures 2A-B). Patient-matched normal B cells had 

bright CD19 expression and lacked HRS cell surface markers including CD15 and CD30 

(supplemental Figure 2C). All flow cytometric sorting was performed using DIVA 8.0.1 for 

acquisition and analysis was carried out using FlowJo 10 software. 

 

Library preparation and whole exome sequencing 

DNAs were fragmented by Covaris ultrasonication to 250 bp and further purified using 

Agencourt AMPure XP beads.  All samples (HRS and normal B cells) underwent low-

input library construction using a Center for Cancer Genome Discovery (CCGD)-modified 

Kapa HTP kit (quarter reactions of the standard HTP protocol).  Libraries were quantified 

using MiSeq Nano and all samples with successful library preparation (yielding > 250 ng 

of DNA libraries) were taken forward for hybrid capture and subsequent sequencing.  

Normalized libraries were pooled in batches and capture was performed using the Agilent 

SureSelect Hybrid Capture kit (cat no. G9611A). The captures were further pooled and 

sequenced over the equivalent of 18 HiSeq 3000 and 3 HiSeq 2500 lanes, respectively, 

as previously described4,5.  Following CCGD guidelines of sequence quality metrics (lane 

performance, relative representation of each sample within a pool and sequencing quality 

metrics), only samples with ≥80% of the targets having a minimum coverage of 30x were 

used for further analysis.  

 

Determination of EBV status 

Samtools idxstats was used to determine the total number of reads that mapped to the 

EBV contig (EBV genome build: NC_007605).  This number was normalized using the 
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total number of mapped reads for each cHL case. The normalized EBV count was 

compared across all cHLs for which the EBV status was known (via EBER) to set the 

threshold of EBV positive/negative (positive above 0.026, negative below 0.026). 

 

Copy number analysis and calling of significant SCNAs 

Copy number analysis was performed by running ReCapSeq and Allelic Capseg to 

identify allele-specific copy ratios across the exome. Recurrent SCNAs were identified 

using GISTIC2 as previously described4.  GISTIC2 determined recurrent SCNAs, 

however identification of samples with SCNAs in significant focal peaks or chromosome 

arms was done as post process.  For arm-level events, ≥ 50% of the arm had to be 

covered by segments with sufficient amplitudes (>0.1) to support the alteration. For focal 

events, ≥ 20% of the region had to be covered by segments that supported (threshold 

0.1) the alteration after subtracting all segments in the region by the median segment 

mean for the arm.   

 

Mutational signature analysis 

A. De novo signature discovery in the 23 primary cHLs.  

A de novo signature extraction applied to SNVs stratified by 96 tri-nucleotide mutation 

contexts identified four major mutational processes. The similarity of these signatures to 

the 30 COSMIC signatures (http://cancer.sanger.ac.uk/cosmic/signatures) was computed 

with a cosine similarity. The first signature most resembling COSMIC1 (cosine similarity 

0.85) was characterized by a superposition of C>T mutations at CpG sites with a 

background broad spectrum of base substitutions, and C>T/G at TCW (W=A/T) 

corresponding to the characteristics of APOBEC mutagenesis, suggesting that this 

signature is an admixture of COSMIC1 and APOBEC signatures. The activity of this 

signature was pervasive across samples, explaining about 30% overall mutations. The 

second signature, which did not match any of the known 30 COSMIC signatures with a 

cosine similarity > 0.75, had characteristic peaks of C>T/G mutations at GCT context 

corresponding to one of canonical AID known hotspot motifs at RCY (R = A/G, Y= C/T), 

and preferences for T>A/C/G at TW (W=A/T) context corresponding to non-canonical AID 

hotspot motifs, and its activity was significantly higher in clustered mutations (62% in 

clustered mutations) consistent with known AID biology. The third signature most 

http://cancer.sanger.ac.uk/cosmic/signatures
http://cancer.sanger.ac.uk/cosmic/signatures
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resembled COSMIC6 (cosine similarity 0.98), which is known to be associated with 

defective DNA mismatch repairs and found in microsatellite unstable tumors, and its 

activity was exclusive to a single hyper-mutant tumor (c_cHL_24). The fourth signature 

was most similar to COSMIC15 (cosine similarity 0.74), another known MSI signature, 

and its attribution was exclusive to the second hypermutated sample (c_cHL_4).  

 

B. Semi-supervised signature discovery in 21 primary cHLs.  

To minimize a possible interference of two MSI signatures with other signatures and 

enable a separation of the APOBEC signal from COSMIC1, we excluded the two putative 

MSI samples (c_cHL_24 and c_cHL_4) and repeated a de novo signature extraction for 

the remaining 21 cHLs, while enforcing two APOBEC signatures (COSMIC2 and 

COSMIC13) in the signature extraction. For this, we created two artificial samples with a 

predominant activity of COSMIC2 and COSMIC13 with 10,000 mutations each and added 

them to the mutation count matrix of 21 primary cHLs.  The mutation counts along 96 

contexts in the two artificial samples were proportionally distributed according to the 

normalized profiles of COSMIC2 and COSMIC13 signatures. With the included artificial 

samples, Bayesian NMF identified two major signatures, COSMIC1 (cosine similarity 

0.92) and the AID signature, in addition to the enforced COSMIC2 and COSMIC13 

(Figure 2A). Note that the cosine similarity of COSMIC1 was much improved from 0.85 to 

0.92 with a separation of APOBEC components. Overall 8% and 5% mutations were 

attributed to COSMIC2 and COSMIC13, respectively. We used the semi-supervised 

signature analysis in all downstream evaluations.  

 

C. Semi-supervised signature discovery for the combined cohort of 23 primary cHL 

and six cHL cell lines.  

As described in B, we performed a semi-supervised signature discovery for the combined 

cohort of 23 cHLs and six cHL cell lines (L-1236, L-428, L-540, KM-H2, HDLM-2, SUP-

HD1). In addition to the enforced APOBEC signatures (COSMIC2 and COSMIC13), we 

identified an additional seven signatures (supplemental Figures 4C-D); COSMIC1, AID, 

and two MSI signatures (COSMIC6 and COSMIC15), and COSMIC 25 (cosine similarity 

0.89) and COSMIC11 (cosine similarity 0.94). The attribution of COSMIC11, known to be 

associated with the treatment with alkylating agents, was exclusive to a single cell line 
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(SUP-HD1), while the attribution of COSMIC25, which has been identified in cHL cell lines 

with unknown etiology, was mostly present in three cHL cell lines (KM-H2, L-540, and L-

1236) (supplemental Figures 4D-E).  

 

D. Gene-level Signature enrichment analysis.  

We annotated each mutation with the probability (likelihood of association) that it was 

generated by each of the discovered mutational signatures, Pms, where ‘m’ denoted a 

mutation and ‘s’ refers to the signature. More specifically, the likelihood of association to 

the k-th signature for a set of mutations corresponding to i-th mutation context and j-th 

clustered or non-clustered mutation group was defined as [wkhk / ∑(wkhk)]ij, where wk and 

hk correspond to the k-th column vector and k-th row vector of W and H, respectively. The 

relative activity enrichment for candidate driver genes in Figure 2D was determined by 

taking an average of Pms  for all mutations in each driver gene.  
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Supplemental Tables (All provided as separate excel files). 

Supplemental Table 1: Patient characteristics and sample summary 

Patient characteristics and summary information for each sample is listed including 

sample ID, morphological subtype, age, gender, EBV status, quality control metrics such 

as mean target coverage, mean allele fraction and number of coding mutations, purity, 

ploidy and genetic features.   

 

Supplemental Table 2: Flow cytometry antibodies for sorting of HRS cells 

(A) Antibodies are listed with clone, laser channel and manufacturer that were used for 

the sorting of HRS and normal B-cells from the cHL excision biopsies.  (B) An expanded 

antibody panel was used to characterize MHC class II expression on flow-sorted HRS 

cells. Antibodies  are listed with clone, laser channel and manufacturer. 

 

Supplemental Table 3: Significantly mutated genes 

(A) Mutated genes ranked by their significance values obtained from MutSig2CV. (B) 

Genes with significant spatial clustering within a protein structure as detected by 

CLUMPS.  

 

Supplemental Table 4: Comparison analyses of the cHL genetic alterations identified in 

this study and those of Tiacci et al6, Spina et al7 and Reichel et al8. 

 

Supplemental Table 5: Mutational signature analyses 

(A) Mutational signature activity in the 23 cHLs (de novo analysis), (B) Mutational 

signature activity in the 21 cHLs excluding the two MSI cases.  

 

Supplemental Table 6: Significant SCNAs 

(A) List of focal and arm-level SCNAs (copy gain and copy loss) identified with GISTIC2.0 

in the 23 cHLs.  (B) Summary of genes identified in focal gains.  (C) Summary of genes 

in focal losses.  (D) Summary of COSMIC-defined genes observed in focal SCNAs.   
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Supplemental Table 7: Chromosomal rearrangements 

Summary of chromosomal rearrangements, identified in the 23 cHLs, including 

chromosomal position of the first and second gene, type of rearrangement, support by 

the detection algorithm, split read and read pair count as well for the reference and 

alternate alleles and cancer cell fractions.   

 

Supplemental Table 8: Gene-by-sample matrix 

(A) Gene-by-sample matrix for the 23 cHLs with driver events occurring >2 times are 

listed.  (B) Gene-by-sample matrix for 6 cHL cell lines.  Mutations (0, absent; 1, 

synonymous; 2, non-synonymous); SCNAs (0, no SCNA; 1, low level SCNA; 2, high level 

SCNA); Chromosomal Rearrangements (0, absent; 3, present).  

 

Supplemental Table 9: CCF-matrix for all driver events 

CCF matrix for all driver events identified in the 23 cHLs.   
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Supplemental Figures 
 

 
 

Supplemental Figure 1: Composition of the cHL dataset. (A) The dataset includes fresh frozen 

excision biopsies with paired normal B-cells from 23 newly diagnosed cHL patients (row one and 

two).  Within the patient cohort, four cHLs were classified as mixed cellularity (MC) and 19 as 

nodular sclerosis Hodgkin lymphoma (NSHL) (row three) with eight of the 23 patients being EBV+ 

and 15 EBV- (row four).  (B) The EBV status was determined by the number of reads mapping to 

the EBV genome (normalized by total mapped reads) and positive/negative EBV status was 

confirmed in samples with known EBER status.  EBV+ samples are indicated as red dots while 

EBV- samples are noted as blue dots. 
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Supplemental Figure 2: Flow cytometric sorting strategy to isolate HRS cells.  (A) HRS cells 

(indicated in red) are identified by decreased CD45 with intermediate to bright expression of 

CD30, CD15, CD95, lack of CD64 and CD5.  Using the different antibody combinations and 

sequential gating, other cells (indicated in blue) such as CD64+, CD5+ were excluded to flow 

cytometric sort a pure HRS cell population. (B) The T-distributed Stochastic Neighbor Embedding 

(tSNE) algorithm was used to visualize the flow cytometry data in a dimension-reduced space 

and indicate that HRS cells (CD30+, CD15+) are a cell population distinct from the CD64+ and 

CD5+ cells. (C) B-cells (indicated in green) were identified with increased CD19 and lack of CD30 

expression. The tSNE plots further confirmed that HRS and B-cells were distinct populations, 

respectively. 

 

 

 

 



Genetic characterization of cHL   

 10 

 

 

Supplemental Figure 3: CLUMPS analysis and mutation diagrams (lollipop figures) for 

PTPN1 and the significantly mutated genes in the cHL cell lines.  (A) Spatial clustering of 

mutations identified with CLUMPS in EEF1A1 (PDB: 4c0s).  Mutated residues are shown in red 

and color-intensity and thickness of line scales with number of mutations. Co-crystalized proteins 

are shown in blue (GDP). (B) Mutation diagram for PTPN1. (C) Significantly mutated genes 

identified in ≥ 2 cHLs are visualized in the six cHL cell lines (KM-H2, L-428, L-1236, L-540, HDLM-

2, SUP-HD1). Positions within the genes are labeled.  
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Supplemental Figure 4: Supporting data for mutational signature analysis in primary cHLs 

and cHL cell lines. (A) De novo signature extraction for the 23 cHLs identified a putative 

microsatellite instability (MSI) signature (COSMIC6 and COSMIC15) in addition to the two 

signatures, COSMIC1 with APOBEC and AID.  (B) Correlations of signature activity to the age at 

diagnosis across six age groups (n=21 cHLs, excluding the two hypermutated samples).  The 

mean with standard deviation shows the distribution of each signature activity of the samples 
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within each age group.  Number of cases per age group: 10-20 (n=2), 20-30 (n=11), 30-40 (n=2), 

40-50 (n=2), 50-60 (n=2) and 60-70 (n=2).  (C) Mutational diagram (lollipop figure) for STAT6 non-

synonymous mutations within the functional domains of the protein, visualized using 

MutationMapper v2.1.09,10. The color key denotes the mutational mechanisms (causative  

probability of the indicated mechanism >0.75) for each site. Below is the table of the STAT6 

coding changes and putative underlying mutational mechanisms. (D) Mutational signature 

analysis of the combination of the 23 cHLs and six cHL cell lines. (E) Comparison of the different 

signature activities in the 23 cHLs and six cHL cell lines. The two primary samples with MSI 

(COSMIC6 and COSMIC15), and COSMIC1 (“Aging”), APOBEC (COSMIC13 and COSMIC2), 

AID in all samples. COMSIC25 and COSMIC11 (UV) were predominantly seen in the cHL cell 

lines. 
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Supplemental Figure 5:  SCNAs and chromosomal rearrangements in cHL. (A) IGV plot of 

copy number from chromosome 9p indicates frequent arm level gain and focal amplification of 

9p24.1 (PD-L1, PD-L2 and JAK2).  (B)  SVs in cHL including tandem duplications in CIITA and 

translocation involving IgH and BCOR, are plotted. Boxes indicate exons including the first coding 

exon (red); green bar connotes protein-coding exons and intervening introns; and black bar 

denotes the super enhancer of IgH11.  
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Supplemental Figure 6: Comparison of the number of driver events in cHLs with or without 

ARID1A mutations, excluding the two hypermutated cases.  The p-value was obtained using 

a Mann-Whitney U test. 
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Supplemental Figure 7:  MHC class II cell surface expression on HRS cells from tumors 

with known MHCII status. Flow cytometric analysis of MHC class II expression on purified HRS 

cells from 9 of the genomically characterized cHLs was performed.  MHC class II expression 

levels on the HRS cells, relative to MHC class II-negative normal infiltrating T cells (A) and MHC 

class II-positive normal B cells (B), was compared in tumors with known MHCII status (MHCII 

copy loss in HRS cells, 3 cases; no detectable MHCII alterations, 5 cases). HRS cells are shown 

in red, normal infiltrating T cells in blue (A), normal B cells in orange (B) and unstained negative 

controls in gray. CHLs with decreased HRS cell surface expression of MHC class II were 

significantly more likely to have MHCII copy loss than HRS cells with intact MHC class II 

expression (p=0.048, Fischer’s Exact test) (see also Figure 4E).  
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Supplemental Figure 8:  Comparison of mutational density (A) and number of driver events 

(B) in cHLs with normal vs increased ploidy. For these comparisons, primary cHLs were 

separated into two groups based on tumor ploidy (<2 [normal] versus >2.2 [increased]). The p-

values in A and B were obtained using a Mann-Whitney U test. 
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Supplemental Figure 9: Comparison of the mutational density (burden) in EBV+ and EBV- 

cHLs.  Primary cHL cases classified as MC are colored red.  The p-value was obtained using a 

Mann-Whitney U test. 
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